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FREQUENCY STANDARDS AND ACCURACY 
I n  1967 t h e  General  Conference on Weights and Measures adopted 

t h e  ces ium resonance f requency  f o r  t h e  d e f i n i t i o n  o f  t h e  second. 
U n i v e r s a l  C o o r d i n a t e d  Time (UTC) has used a c l o s e  a p p r o x i m a t i o n  t o  
t h e  a t o m i c  seconds s i n c e  1972 ( 1 ) .  Time s c a l e s  wh ich  r e f e r  t o  t h e  
r o t a t i o n  o f  t h e  e a r t h  such as UTC a r e  genera ted  by i n s e r t i n g  o r  
l e a v i n g  o u t  seconds ( l e a p  seconds) a t  c e r t a i n  s p e c i f i e d  d a t e s  d u r i n g  
t h e  year ,  as necessary.  T h i s  process i s  c o o r d i n a t e d  w o r l d w i d e  by t h e  
Bureau I n t e r n a t i o n a l  de 1 'Heure  ( B I H ) .  UTC i s  t h e  d e - f a c t o  b a s i s  
f o r  c i v i l  o r  l e g a l  t i m e  i n  most c o u n t r i e s  o f  t h e  w o r l d  ( 2 ) .  I n  
a d d i t i o r :  t o  ces ium beam s tandards ,  t h e  a tomic  hydrogen maser has 
found use as p r i m a r y  f requency  r e f e r e n c e  and c l o c k .  

Other  p r o m i s i n g  techn iques  have been developed.  The f o l l o w i n g  
t a b l e  d e p i c t s  a summary o f  a l l  t h o s e  techn iques  wh ich  promise accu- 
r a c l e s  b e t t e r  t h a n  1 x t o g e t h e r  w i t h  t h e i r  c u r r e n t l y  r e p o r t e d  
a c c u r a c i e s .  Accuracy i s  t o  be unders tood h e r e  i n  a v e r y  s p e c i a l  
meaning: I t  i s  a measure o f  t h e  degree t o  w h i c h - - i n  an e x p e r i -  
menta l  e v a l u a t i o n - - o n e  can deduce t h e  u n p e r t u r b e d  f requency  o f  
t h e  r e s p e c t i v e  t r a n s i t i o n  by s u b t r a c t i n g  env i ronment  and appara-  
t u s  r e l a t e d  e f f e c t s  from t h e  measured f requency  ( 3 ) .  

FREQUENCY STABILITY 
More i m p o r t a n t  t h a n  accuracy  t o  most f requency  & t i m e  m e t r o -  

l o g i s t s  i s  p r o b a b l y  t h e  s t a b i l i t y  o f  a 5 tandard .  
c h a r a c t e r i z e d  i n  t h e  f requency  domain o r  i n  t h e  t i m e  domain. The 
i n s t a n t a n e o u s  f r a c t i o n a l  f requency  d e v i a t i o n  y (  t )  f rom t h e  noni i -  
n a l  f r e q u e n c y  w i s  r e l a t e d  t o  t h e  i n s t a n t a n t o u s  phase d e v i a t i o n  
@ ( t )  f r o m  t h e  n8inina1 phase 27rvOt by d e f i n i t i o n  

S t a b i l i t y  can be 



C L A S S  Or Df V I C C S  L omni n I s 

I .  f r e q u e n c y  domain: 
In t h e  f r e q u e n c y  domain, f requency  s t a b i l i t y  

d e f i n e d  ( 8 )  a s  t h e  one s i d e d  s p e c t r a l  d e n s i t y  S ( 
d i r e c t l y  measurab le  i n  an exper imen t  i s  t h e  phaxe 
p r e c i s e l y ,  t h e  s p e c t r a l  d e n s i t y  o f  phase f l u c t u a t  
i s  r e l a t e d  t o  S y ( f )  by 

i s  conven 
1 o f  Y ( t )  
n o i s e  o r ,  
ons S @ ( f )  

e n t l y  

nio r e  
wh ich  

:lo r e  

F o r  t h e  above, f i s  d e f i n e d  as t h e  F o u r i e r  f requency  o f f s e t  f r o m  ’, . 
Of course ,  S ( f )  canno t  be p e r f e c t l y  measured; however, u s e f u ?  

e s t i m a t e s  o f  S Q ( f ?  can e a s i l y  be o b t a i n e d .  One u s e f u l  e x p e r i m e n t a l  
a r rangement  t o  measure S,(f) i s  g i v e n  i n  F i g . 1 .  I f  t h e  measured o s -  
c i l l a t o r  and t h e  r e f e r e n c e  o s c i l l a t o r  a r e  equa l  i n  t h e i r  t o t a l  p c r -  
formance, and i f  t h e  phase f l u c t u a t i o n s  a r e  s m a l l ,  i . e . ,  much l e s s  
t h a n  a r a d i a n ,  then,  f o r  one o s c i l l a t o r  ( 9 ) :  

2 

S J f )  2 2 ( 3 )  

where V ( f )  i s  t h e  rms v o l t a g e  a t  t h e  m i x e r  o u t p u t  due t o  t h e  phase 
f l u c t u a t i o n s  w i t h i n  a 1 Hz bandw id th  d t  F o u r i e r  f requency  f ,  V i s  
a r e f e r e n c e  v o l t a g e  wh ich  d e s c r i b e s  t h e  m i x e r  s e n s i t i v i t y  and 8 s  
e q u i v a l e n t  t o  t h e  s i n u s o i d a l  peak- to -peak  v o l t a g e  o f  t h e  two o s c i l -  
l a t o r s ,  u n l o c k e d  and b e a t i n g .  The phase l o c k  l o o p  i s  o n l y  necessary  
t o  keep t h e  s i g n a l s  i n  phase-quadra tu re  a t  t h e  i i i i xe r ;  ii: must  be d 
s u f f i c i e n t l y  l o o s e  l o c k ,  i . e .  , i t s  d t t a c k  t i i i i e  ( c o r r e s p o n d i n g  t o  t h c  
u n i t y - g a i n  c o n d i t i o n )  i s  l o n g  cnouqh t o  n o t  a f f c c t  a l l  ( f a s t e r )  
f l u c t u a t i o n s  t o  be measured. F i q .  2 d e p i c t s  t h e  i l ieasured phJse 
n o i s e  per fo r i i i ance o f  a systc in  a s  i r i  F i q .  1 wh ich  uses  a v s i l a b l e  
s t a  t c - o f  - t h c - a r t  e l  cc  t r o n  i c coiliponcti t s . A 1  $0 shown i s t h e  mcdsurcd 
phase n o i s e  o f  one o f  t h e  b e s t  a v i l i l a b l c  c r y s t a l  o s c i l l a t o r s ;  i t s  
c o r r e s p o n d i n g  t i i w  cloiiiairi p(!rfuri it, i i icc i s  ap1)t-o.u i t i i , i tc l  y shown i n  
F i g .  4 .  F i g .  2 c l e a r l y  shows t h a t  prc!scrtt iiic>clsut-ct:ir!tit c a i m l ~ i l i t i c s  
a r e  n o t  y e t  t i l x c d  b y  a v a i l a b l e  o s c i l l a t o r 5 .  

- ___ 

, 



( U N D L R  
T E S T )  

S P I C T R U M  
ANAL Y S E  R 

l U N C 0  T O  f 

M I X E R  

L O O S E  P H A S E - L O C K  
Fig. 1. Phase Noise 
Measurement System 

h 110d1 

t \- 
I 

Fig. 2 .  Phase Noise 
Plots 

11. t i m e  domain 
The r e l a t i o n s h i p  between t h e  f requency  and t i m e  domain, essen-  

t i a l l y  a F o u r i e r  t r a n s f o r m a t i o n ,  i s  e x t e n s i v e l y  cove red  i n  Ref. ( 8 ) .  
I n  t h e  t i m e  domain, f requency  s t a b i l i t y  i s  d e f i n e d  by t h e  sample 

where < 
quency r e a d i n g s  i n  measurements o f  d u r a t i o n  T and r e p e t i t i o n  i n t e r v a l  
T,B i s  t h e  bandw id th  o f  t h e  measurement system. Some n o i s e  processes  
c o n t a i n  i n c r e a s i n g  f r a c t i o n s  o f  t h e  t o t a l  n o i s e  power a t  l o w e r  F o u r i e r  
f requenc ies ;  e .g . ,  f o r  f l i c k e r  o f  f requency  n o i s e  t h e  above v a r i a n c e  
approaches i n f i n i t y  as td -+ 03. T h i s ,  t o g e t h e r  w i t h  t h e  p r a c t i c a l  d i f -  
f i c u l t y  t o  o b t a i n  e x p e r i m e n t a l l y  l a r g e  va lues  o f  N l e d  t o  t h e  conven- 
t i o n  o f  u s i n g  a lways  a p a r t i c u l a r  v a l u e  o f  N ( 1 0 ) .  I n  r e c e n t  y e a r s , f r e -  
quency s t a b i l i t y  has become a l m o s t  u n i v e r s a l l y  unders tood  as meanino 
t i l e  s q u a r e r o o t  o f  t h e  two-sample o r  A l l a n  Var iance  (8) u '(T) de- 
f i n e d  as i n  Eq. ( 4 )  f o r  t4 = 2, T = T. 

> d e n o t e s  an i n f i n i t e  t i m e  average,  N i s  t h e  number o f  f r e -  

Y 

a (T) i s  conve rgen t  f o r  a l l  n o i s e  processes  commonly found  i n  o s c i l -  
l x t o r s .  
a n t  parameter  wh ich  must be taken  i n t o  c o n s i d e r a t i o n .  F i g .  3 d e p i c t s  
t h r e e  d i f f e r e n t  measurenient systems ( 1 1 )  wh ich  may be used t o  d e t e r -  
mine u ( [ ) .  

I n  F i g .  4 a t y p i c a l  nieasurement c a p a b i l i y  ( a t  5 M t i z )  u s i n g  
S h o t t k y  b a r r i e r  d i o d e  m i x e r s  i s  d e p i c t e d .  A s  i n  t h e  case o f  f r e -  
quency domain measurements, i t  i s  o b v i o u s  t h a t  t h e  e x i s t i n g  measure- 
ment system c a p a b i l i t y  i s  f u l l y  adequate t o  measure any e x i s t i n g  
o s c i l l a t o r .  F i g u r e  4 i s  adapted  f ro i i i  Re f .  ( 1 2 ) .  I t  i n c l u d e s  c r y s -  

I t  s h o u l d  be n o t e d  t h a t  even f o r  Eq. ( 5 )  13 remains  an i i i i i iot-L- 

Y 
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t a l  and s u p e r c o n d u c t i n g  c a v i t y  o s c i l l a t o r s  and v a r i o u s  t y p e s  o f  l a b -  
o r a t o r y  and commercial  a tomic  f r e q u e n c y  s t a n d a r d s .  F i g u r e  4 shows 
t h a t  f o r  s h o r t  sampl ing  t i n i c s  q u a r t z  c r y s t a l  o s c i l l a t o r s ,  supercon-  
d u c t i n g  c a v i t y  o s c i l l a t o r s ,  and r u b i d i u m  masers a r e  t h e  o s c i l l a t o r s  
o f  c h o i c e .  F o r  medium-term s t a b i l i t y ,  t h e  hydrogen maser and super -  
c o n d u c t i n g  c a v i t y  o s c i l l a t o r  a r e  s u p e r i o r  t o  any o t h e r  s t a n d a r d  w h i c h  
i s  a v a i l a b l e  today .  F o r  v e r y  l o n g - t e r m  s t a b i l i t y  o r  c l o c k  p e r f o r n i -  
ance, ces ium s t a n d a r d s  a r e  p r e s e n t l y  t h e  d e v i c e s  o f  c h o i c e .  R u b i d i -  
um s t a n d a r d s  a r e  n o t  s u p e r i o r  i n  any r e g i o n  o f  a v e r a g i n g  t imes,  how- 
e v e r ,  t h e y  e x c e l  i n  t h e  c o m b i n a t i o n  o f  good per formance,  c o s t  arid 
s i z e .  

F K Q U E N C Y  SYNTHESIS ABOVE THE MICROWAVE REGION 
We w i l l  l a t e r  r e t u r n  t o  t h e  impor tance o f  l o n g - t e r m  s t a b i l i t y  

i n  t i m e  g e n e r a t i o n ,  We s h a l l  now c o n s i d e r  t h e  impor tance o f  h i g h  
s h o r t - t e r m  s t a b i l i t y  (or low-phase n o i s e )  i n  t h e  area  o f  f r e q u e n c y  
s y n t h e s i s  inJo t h e  i n f r a r e d .  
r e q u i s i t e  t o  h i g h  r e s o l u t i o n  a b s o l u t e  f r e q u e n c y  measurements, t o  t h e  
use  o f  f r e q u e n c y  s tandards  i n  t h e  i n f r a r e d  and v i s i b l e  r e g i o n s  
(comp. T a b l e  l ) ,  and t o  t h e  concept  o f  a u n i f i e d  s t a n d a r d  f o r  t i m e  
and l e n g t h  v i a  t h e  d e f i n i t i o n  o f  t h e  speed o f  l i g h t  ( 1 3 ) .  P r e s e n t  
successes w i t h  f r e q u e n c y  s y n t h e s i s  t o  t h e  88 THz t r a n s i t i o n  o f  meth-  
ane r e a l i z e d  o n l y  6 x 10-10 measurement p r e c i s i o n  ( 1 4 ) .  One o f  t h e  
c r i t i c a l  l i m i t a t i o n s  i s  the need f o r  a s e r i e s  o f  i n t e r r c e d i a t e  

P r e c i s i o n  s y n t h e s i s  i s  a c r u c i a l  p r e -  

o s c i l l a t o r s  
compensate 
" p u r i f i e r s "  
l a t o r  f o r  s 
n m b e r .  I f  
phase n o i s e  
i t s  Spec t ra  
and 1 . 5  Tklz 
t h e  c d r r i e r  
a f a c t o r -  o f  

( k l y s t r o n s  , l a s e r s )  o f  i n f e r i o r  s t a b i  1 i t y  n o t  o n l y  t o  
o r  i n e f f i c i e n t  m u l t i p l i e r s  b u t  a l s o  t o  s e r v e  as s p e c t r a l  

n g l e  s t e p  harmonic  g e n e r a t i o n  up t o  a c e r t a i n  harmonic  
a s t a t e - o f - t h e - a r t  c r y s t a l  o s c i l l a t o r  a t  5 MHz w i t h  a 
per formance as i n  F i g .  2 i s  assumed, t h e n  F i g .  5 shows 

1 i n e  p r o f i l e  a t  9 . 2  GHz ( c u r v e  a ) ,  150 GWz ( c u r v e  b )  , 
( c u r v e  c ) .  A l t h o u g h  t h e r e  s t i l l  i s  power a v a i l a b l e ,  
has now t o t a l l y  d isappeared,  t h e  ' l i n e w i d t h  has i n c r e a s e d  
108 f r o m  .006 Hz t o  600 KHz.  C l e a r l y  c u r v e  c can no 

L e t  us examine t h e  phase n o i s e  r e q u i r e m e n t s  on an o s c i l -  

l o n g e r  be u \ed  a s  a p r e c i s i o n  r e f e r e n c e  s i g n a l .  

the p e d e s t a l  P ( 1 5 )  a r e  shown i n  F i g . 6 .  
The r e l a t i v e  power i n  t h e  c a r r i e r  P c ,  and t h e  r e l a t i v e  power i n  
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The e x p o n e n t i a l  l o s s  o f  power f rom t h e  c a r r i e r  when t h e  mean 
square  phase f l u c t u a t i o n s  f r o m  t h e  p e d e s t a l  ~ P ( u )  exceed 7 r a d i a n  i s  
t h e  most  s e r l o u s  e f f e c t .  F o r  t h e  p r e s e n t  s t a t e - o f - t h e - a r t  5 MHz c r y s -  
t a l  o s c i l l a t o r s ,  t h e  power i s  e v e n l y  d i v i d e d  between c a r r i e r  and ped- 
e s t a l  a t  -300 GHz w h i l e  a t  1 THz t h e  c a r r i e r  has o n l y  -50 dB o f  t h e  
t o t a l  power. There fo re ,  t h e  o n l y  way t o  ex tend  t h e  u s e f u l  w o r k i n g  
range o f  t h e  p r e s e n t  5 MHz o s c i l l a t o r s  above 1 THz i s  t o  reduce t h e  
phase n i o d u l a t i o n  due t o  t h e  p e d e s t a l .  T h i s  can be done e i t h e r  by 
r e d u c i n g  t h e  w h i t e  phase m o d u l a t i o n  l e v e l  o f  t h e  p e d e s t a l  o r  reduc-  
i n g  t h e  p e d e s t a l  bandwid th  B , e i t h e r  i n  t h e  o s c i l l a t o r  o r  somewhere 
a l o n g  t h e  mu1 t i p 1  i e r  c h a i n .  ' O f  cou rse ,  chang ing  t h e  p e d e s t a l  h e i g h t  
o r  w i d t h  a f f e c t  t h e  spec t rum i n  d i f f e r e n t  ways. 

a t  l e a s t  40 dB r e d u c t i o n  i n  t h e  w h i t e  phase l e v e l  o f  t h e  p e d e s t a l .  
T h i s  wou ld  p r o v i d e  an o s c i l l a t o r  w i t h  a p o s s i b l e  w o r k i n g  range ex tend-  
i n g  t o  30 THz w i t h o u t  t h e  use o f  i n t e r m e d i a t e  o s c i l l a t o r s  o r  f i l t e r s .  
?he use o f  a p a s s i v e  f i l t e r  w i t h  a bandwid th  o f  6 Hz a t  9 . 2  GHz such 
as  a superconduc t ing  c a v i t y  f i l t e r  ( 1 5 )  would make i t  p o s s i b l e  t o  
m u l t i p l y  t h e  p r e s e n t  o s c i l l a t o r s  t o  100 THz w i t h o u t  t h e  need f o r  i n -  
t e r m e d i a t e  o s c i l l a t o r s .  The l i n e w i d t h  wou ld  be a p p r o x i m a t e l y  70 Hz. 
The r e a l i z a t i o n  o f  o s c i l l a t o r s  o f  h i g h e r  s p e c t r a l  p u r i t y  t h a n  p r e -  
s e n t l y  a v a i l a b l e ,  a p r e r e q u i s i t e  f o r  p r e c i s e  i n f r a r e d  f requency  syn-  
t h e s i s ,  t h u s  i s  w i t h i n  t o d a y ' s  t e c h n i c a l  p o s s i b i l i t i e s .  

I t  appears p o s s i b l e  (16 )  t o  c o n s t r u c t  c r y s t a l  o s c i l l a t o r s  w i t h  

TIME AND CLOCKS 
One of t h e  p r i n c i p a l  a p p l i c a t i o n s  o f  f requency  s tandards  i s  t h e i r  

use as c l o c k s .  I n  a v e r y  r e a l  sense, any l o n g - t e r m  f requency  measure- 
ment and a s t r o n o m i c a l  d i s t a n c e  measurement i s  a t i m e  measurement. As -  
t ronomy has i n  a d e - f a c t o  sense r e l i e d  on a u n i f i e d  t i m e - l e n g t h  s t a n d -  
a r d  by measur ing  d i s t a n c e s  i n  u n i t s  o f  t i m e  u s i n g  an adopted  v a l u e  f o r  
t h e  speed of  l i g h t .  

The t i m e  e r r o r  T 
can be w r i t t e n  as 

a t  t h e  e lapsed  t i m e  t a f t e r  s y n c h r o n i z a t i o n  

l 2  T ( t )  = To + Ro t + 7 D t -+ . . . . + ~ ( t )  

where T i s  t h e  t i m e  o f  t h e  c l o c k  minus t h e  t i m e  o f  t h e  r e f e r e n c e  
( i d e a l  " t r u e "  t i m e ) ,  T i s  t h e  s y n c h r o n i z a t i o n  e r r o r  a t  t = o and 
R t h e  r a t e  (fractions? f r e q u e n c y )  d i f f e r e n c e  between t h e  two c l o c k s  
u8der  compar ison averaged around t = 0. D i s  t h e  l i n e a r  ( f r a c t i o n a l )  
f requency  d r i f t  t e r m  and t ( t )  c o n t a i n s  a l l  o t h e r  f l u c t u a t i o n s ;  e . g . ,  
t h o s e  due t o  w h i t e  n o i s e ,  f l i c k e r  n o i s e ,  e t c .  The t i m e  dependence o f  
t( 1) cd!i be c a l c u l a t e d  o r  e s t i m a t e d  s t a t i s t i c a l l y  ( 1 7 ) ,  knowing t h e  
power l a w s  of  t h e  n o i s e  processes  t h a t  model t h e  c l o c k s  i n v o l v e d .  

I n  a d d i t i o n  t o  t he  above c o n s i d e r a t i o n s  i t  must be n o t e d  tha.t 
?.iiw ( d a t e )  i n  c o n t r a s t  t o  t i m e - i n t e r v a l  ( f r e q u e n c y ) ,  cannot  be r e -  
produced . T h i s  i s  a v e r y  s i g n i f i c a n t  d i f f e r e n c e  because accu racy  
a n d  s t a b i l i t y ,  wh ich  a r e  w e l l - d e f i n c d  q u a n t i t i e s  i n  d i s c u s s i n g  f r e -  
quency, bccotiie iiiorc complex and e l u s i v e  w i t h  r e g a r d  t o  t h e  p a s s i n g  
o f  t i m e  ( d a t e s )  as can be seen f r o m  E q .  ( 6 ) .  F o r  example the  ques- 
t i o n  o f  a t ir i ie s tandard  and i t s  l o n g - t c r n i  s t a b i l i t y  and accu racy  i s  



n o t  t r i v i a l .  Our t i m e  i s  genera ted  today  by  an ensemble o f  c o o r d i -  
n a t e d  c l o c k s  o f  wor ldw ide  d i s t r i b u t i o n  ( 1 8 )  wh ich  e s t a b l i s h  t h e  de- 
f a c t o  t i n ie  ( d a t e )  s tandard .  Time ( d a t e )  accu racy  i s  l o o s e l y  used as 
t h e  degree o f  c o n f o r m i t y  o f  a c l o c k  t o  t h i s  d e - f a c t o  r e f e r e n c e  wh ich  
i n  r e a l i t y  niay n o t  be a c c u r a t e  n o r  s t a b l e  b u t  o n l y  u n i f o r m ,  t h e  u n i -  
f o r m i t y  b e i n g  assessed by i n t e r n a l  co i i ipar isons and e v a l u a t i o n s  o f  t h e  
ensemble. 
accounted  o f f s e t  f r o m  t h e  u n i t  o f  t in ie ,  a f requcncy  d r i f t  term,  e t c .  
Thus i n t e r n a l  e s t i m a t e s  o f  "accu racy "  ( r e a l l y  u n i f o r m i t y )  wh ich  today  
a r e  o f  t h e  o r d e r  o f  microseconds p e r  y e a r ,  may be much t o o  o p t i m i s t i c  
w i t h  r e g a r d  t o  a h y p o t h e t i c a l ,  i d e a l  c l o c k  r u n n i n g  unchang ing ly  on t h e  
e x a c t  u n i t  o f  t i r i ie. Undetec ted  f requcncy  o f f s e t s  o f  p a r t s  i n  1013 and 
d r i f t s  o f  p a r t s  i n  1 0 ' '  p e r  y e a r  a r e  l i k e l y .  The a c t u a l  t i m e  e r r o r s  
then  iiiay be more l i k e  tens  o f  n i ic roscconds p e r  y e a r .  
have c r i t i c a l  impor tance  i n  l o n g - t e r m  and f r cquency  measurements 
i n  exper imen ts  such as a d e t e r m i n a t i o n  o f  a p o s s i b l e  change i n  t h e  
f i n e  s t r u c t u r e  c o n s t a n t  w i t h  t i m e .  On ly  t h e  a v a i l a b i l i t y  o f  p r i m a r y  
s tandards  o f  s u f f i c i e n t  accu racy  can reduce such e r r o r s .  P r e f e r a b l y ,  
s e v e r a l  p r i m a r y  s tandards  wh ich  a r e  based on d i f f e r e n t  p h y s i c a l  p r i n -  
c i p l e s ,  e.g., k i n d  o f  atom, d e s i g n  o f  appara tus ,  e t c . ,  shou ld  be a v a i l -  
a b l e  t o  m i n i m i z e  t h e  p r o b a b i l i t y  o f  unde tec ted  e f f e c t s  common t o  one 
p a r t i c u l a r  t y p e  o f  d e v i c e .  
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